ABSTRACT The emergence of abundant-class mRNAs specific for contractile muscle proteins and their distribution between polysomal and free mRNP fractions were studied in skeletal muscle excised from chicken embryos during the transition from myoblasts (day 9) to myotubes (day 18). Muscle-specific cDNA was selectively prepared by hybridizing cDNA to template RNA (polysomal poly(A)+mRNA) from day-14 embryos followed by isolation ofthe abundant class, which represents %20% oftotal mRNA. The specificity of the cDNA probe for this class was confirmed by the differential degree of hybridization to cytoplasmic RNA from cultured myotube and myoblast cells and by its inability to hybridize with mRNA from nonmuscle cells such as liver. Except for muscle from day-9 embryos, the concentrations of the abundant-class muscle-specific mRNAs were higher in polysomes than in free mRNP fractions. Furthermore, the levels ofthese mRNAs in polysomes increased 12-fold from day 9 (myoblast) to day 14 (intermediate) with a further 3.6-fold increase from day 14 to day 18 (myotube). In contrast to this 45-fold net increase in the polysomal level of these mRNAs from day 9 to day 18, the levels in the free mRNP fraction showed only a 3-fold decrease during this period. Because the amount of mRNA lost from the mRNP fraction is much less than the net increase in the polysome fraction, mRNP does not serve as a reservoir of untranslated muscle-specific mRNA for transfer to polysomes. Consequently, the emergence of muscle-specific polysomal mRNA for contractile proteins during myogenesis in ovo appears to be regulated primarily by transcriptional control.
In embryonic muscle, the mononucleated myoblast cells replicate for two or three cycles to become postmitotic mononucleated myoblasts, which then fuse and form multinucleated myotubes. After fusion there is a several-hundred-fold increase in synthesis of muscle-specific contractile (myofibrillar) proteins. At issue is whether this change in pattern ofprotein synthesis during myogenesis is regulated at the transcriptional or translational level. Much of the evidence relates to muscle that differentiates in tissue culture. In vitro translation shows that the mRNAs coding for the myofibrillar proteins in cultures of quail breast muscle are present in negligible amounts in the dividing myoblasts and accumulate coordinately after fusion, suggesting transcriptional regulation (1) . A similar conclusion was based on studies of the abundance of mRNA for myosin heavy chain in myoblasts and myotubes in chicken embryonic muscle culture that use either translation of mRNA (2) or in situ hybridization with a cDNA probe (3) . Other studies show that the transition from the myoblast to myotube stage in primary cultures ofchicken embryonic muscle (4) and rat skeletal muscle (5) is associated with the appearance of a new abundant-class population of mRNA consisting of at least six different mRNA sequences-the increased synthesis of myofibrillar proteins at or after fusion being coincident with the appearance ofthis new class of mRNAs (4) . On the other hand, several reports reviewed elsewhere (6) suggest that myogenesis in cultured cells is reguiatedby translational control ofdormant message. Thus, translational control is suggested by (i) the presence of myosin heavy chain mRNA as a stored translationally repressed free mRNP particle prior to fusion and the subsequent transfer of this mRNA to the polysomes at or after fusion (7, 8) , (ii) the ability of cultured rat muscle cells treated with actinomycin D to synthesize muscle-specific proteins (9, 10) , and (iii) differences in the stability of mRNAs at myoblast and myotube stages (11, 12) .
Apart from the contradictory nature of this evidence, studies on cultured muscle cells may not reflect in vivo myogenesis (13) , which is influenced by physiological factors such as innervation, activity, and hormones absent from muscle cell cultures. Therefore, we have used abundant-class muscle-specific cDNA probes to quantitate muscle-specific mRNAs and their distribution patterns between polysomal and free mRNP fractions during chicken skeletal muscle development in ovo. There was an extensive increase in muscle-specific mRNAs in polysomes concomitant with development into myotubes, whereas during differentiation the small amount of muscle-specific mRNAs observed in the free mRNP fraction showed only a slight decrease that was insufficient to account for this accumulation of polysomal muscle-specific mRNAs.
MATERIALS AND METHODS
Leg and breast muscle excised at different stages of chicken embryogenesis was homogenized as described (14) with 10 mM vanadyl ribonucleoside complex (15) to inhibit RNase activity, and the postmitochondrial supernatant was separated into polysomal and postpolysomal fractions (14, 16) . Poly(A)+RNA was isolated by oligo(dT)-cellulose chromatography of the RNA extracted from each fraction (17) . The RNA samples were analyzed electrophoretically in 1% agarose slab gels containing 2.2 M formaldehyde (18). As described (16, 19) , mRNAs were translated in micrococcal nuclease-treated reticulocyte lysate (20) and specific translation products (19) were separated by NaDodSO4/polyacrylamide gel electrophoresis with 7-15% gradient slab gels, followed by identification of the labeled proteins by fluorography (21) .
Reaction mixtures (50-1Al volume) for the synthesis of cDNA (22) The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact.
40 ,ug/ml, oligo(dT)12-18 at 80 ,ug/ml, and AMV reverse transcriptase at 80 units/ml (gift of J. W. Beard, Life Sciences, St.
Petersburg, FL). After incubation at 420C for 30 min, 5-;J samples were treated with Cl3CCOOH at 40C and the radioactivity of the insoluble material was measured by liquid scintillation counting (23) . After extraction with phenol, the extract was passed through a Sephadex G-50 column. The cDNA eluted in the void volume was precipitated with ethanol by using Escherichia coli tRNA as carrier and the cDNA had a specific activity of =107 cpm/,ug. When sized by alkaline agarose slab gel electrophoresis followed by autoradiography that uses a HindIII digest of A phage DNA as markers (New England BioLabs), the cDNA was in the range of 500 to 750 nucleotides.
Abundant-class muscle-specific cDNA (4, 5) was isolated by usingalarge batch ofcDNA made against polysomal poly(A)+RNA from day-14 chicken embryos that was back-hybridized to its template RNA to a Rot value of 1.0. The reaction mixture was then digested with SI nuclease (Miles) in the presence of denatured E. coli DNA (50 ;kg/ml) for 60 min at 370C, boiled for 5 min in 0.5 M NaOH, and then neutralized with glacial acetic acid. When passed through a Sephadex G-50/Chelex 100 column (24), %10-12% of the cDNA eluted in the void volume. This was rehybridized to day-14 polysomal poly(A)+RNA to a Rot value of 1.0 and the procedure was repeated. After the second recycling, recovery was =60-70%. This cDNA was isolated by ethanol precipitation for hybridization studies.
RNA cDNA hybridizations in the presence of excess RNA were performed at 44°C in siliconized capillaries in 10-,ul reaction mixtures that contained 20 mM 1,4-piperazinediethanesulfonic acid (pH 6.8), 50% formamide, 1 M NaCl, 2mM EDTA, 0.2% NaDodSO4, 2,000 cpm of total cDNA or 1,000 cpm of abundant-class cDNA, and amounts of RNA as indicated in the figure legends. The completed reactions were then treated with SI nuclease (25) for estimation of the percentage of cDNA in duplex form. The hybridization data were analyzed by using the computer program of Pearson et al (26) . Hybridization of a mixture of a-and /globin mRNAs with the homologous cDNA under identical conditions was performed as a kinetic standard. Samples of the total and poly(A)+RNA used in this study were hybridized with poly([3H]U) to measure their poly(A) content (27) . Myoblast and myotube cells that were harvested after 24 hr and 5 days, respectively, from cultures of 10-day chicken embryonic breast muscle were kindly donated by Howard Holtzer (University of Pennsylvania).
RESULTS AND DISCUSSION
To study the appearance of muscle-specific mRNAs during myogenesis in the chicken in ovo, three representative stages of muscle differentiation were chosen-namely, day 9 (early), day 14 (intermediate), and day 18 (late), representing replicative myoblasts, postmitotic myoblasts, and fused myotubes, respectively (28, 29) . First, products of in vitro translation directed by total muscle RNA at these stages ofdevelopment were analyzed by fluorography by using samples of purified chicken myofibrillar proteins as markers (Fig. 1) . The translation products of 14-day and 18-day chicken muscle mRNAs contained major bands, some corresponding to muscle-specific marker proteins ( Fig. 1 B and C) . In contrast, the translation products of mRNA from 9-day chicken embryos gave a different band pattern with a major protein at M, 42,000 and a number ofminor bands in the Mr 16,000-200,000 range (Fig. LA) . The difference in abundance of muscle-specific translation products in 9-day muscle preparations could be due to low levels of muscle-specific mRNAs or to poor translatability. Quantitation of mRNA as a function of development was carried out by using abundant-class muscle-specific cDNA probes because RNA-cDNA hybridization provides more precise estimates than those based on in vitro translation. Because 14-day chicken muscle mRNA is essentially similar in muscle-specific messages to mRNA from 18-day muscle (Fig. 1) , polysomal poly(A)+RNA of 14-day chicken embryonic muscle was selected for preparation of the cDNA probe as this was easier to excise and fractionate. To correct the Rot values for interpretation of the hybridization data, the amount of RNA binding to poly([3H]U) was determined and expressed as the percentage of poly(A)+RNA that can be accounted for on the basis that 100 of the 2,000 nucleotides (5%) in the average chicken poly(A)+RNA are contributed by the polyadenylylated sequence (30) (31) (32) . Approximately 82-84% of the polysomal poly(A)+RNA isolated from 9-, 14-, and 18-day muscle and liver could be accounted for as RNA with poly(A) sequences ofthis mean size (data not shown). The poly(A)+RNA content of cytoplasmic nonpolysomal RNA and total RNA from cultured myoblasts and myotubes gave values that ranged, as expected, from 1 to 3%.
When cDNA prepared from 14-day chicken polysomal poly(A)+RNA was back-hybridized to its template RNA, =80% of the cDNA formed hybrids at saturation (Fig. 2) . Hybridization occurred over a range of Rot values of almost five orders of magnitude, indicating considerable heterogeneity of the mRNA population. Least squares fit of the cDNA hybridization data to the standard pseudo-first-order hybridization rate equation is consistent with three components or concentration classes ofRNAs-as shown by the transitions in the curve (Fig.  2) that is a computer fit (26) to the actual data points-based on the assumption that the data can be represented by the sum of a small number of ideal first-order reactions. The sequence complexities of the three classes of mRNAs indicated by the transitions in Fig. 2 (4) and in total RNA from 9-day embryonic chicken muscle (33) .
When cDNA prepared against day-14 polysomal poly(A)+RNA of chicken muscle was hybridized to chicken liver polysomal poly(A)+RNA the sequences that appeared to be common to liver and muscle did not fall in this abundant frequency class (Fig. 3A) . Therefore, the muscle-specific abundant-class cDNA was isolated by hybridizing cDNA to day-14 polysomal poly(A)+RNA to a low Rot value of 1.0, followed by treatment with S1 nuclease. This isolated abundant-class cDNA did not hybridize to liver poly(A)+RNA to a significant extent at saturation (Fig. 3A) , indicating that it was indeed muscle-specific.
The specificity ofthe abundant-class cDNA was further checked by its hybridization to total cytoplasmic RNA isolated from chicken muscle cells cultured for 24 hr (myoblast) and for 5 days (myotube). Even when corrected for poly(A)+RNA content, <20% of the myoblast RNA hybridized to the abundant-class muscle-specific cDNA even at high Rot values (Fig. 3B ), whereas hybridization with myotube RNA progressed to :75-80% [corrected for poly(A)+RNA content] and was thus similar to that obtained with the template polysomal poly(A)+RNA (Fig. 2) . Polyacrylamide gel electrophoresis of the myoblast and myotube RNA samples showed that their rRNA contents were similar (results not shown) and hybridization to poly([3H]U) indicated the same proportion of the poly(A)+RNA in these two RNA samples. Consequently, the difference in hybridization ofthe two RNA samples with the cDNA probe (Fig. 3B ) reflects a change in the contents of the abundant-class mRNAs at these two stages in culture.
The abundant-class muscle-specific cDNA probe was then used to study the distribution patterns of mRNA sequences in the polysomal and free mRNP fractions of 9-, 14-, and 18-day chicken embryonic muscle. The hybridization reactions were driven to saturation with RNA samples from both polysomal and mRNP fractions (Fig. 4) . The concentration of abundant-class muscle-specific mRNA sequences was higher in the polysomes than in the mRNP fractions on day 14 and day 18, whereas on day 9 the proportion of muscle-specific mRNA sequences was higher in the mRNP fraction than in the polysomes (Fig. 4 and Table 2 ). The progressive increase in the concentration of muscle-specific mRNAs in polysomes coincident with development represented a 12-fold increment between days 9 and 14, followed by a further 3.6-fold increase from day 14 to day 18. In contrast, there was a progressive decrease in the concentration of muscle-specific mRNAs in the mRNP fractions from day 9 through day 18. This decrease was only 3-fold, with the Rot values ranging from 0.40 at day 9 to 1.12 at day 18. These studies represent an in vivo attempt to dissect the relative contributions of translational and transcriptional controls during muscle myogenesis. Though they do not agree with all observations made on developing muscle cells in tissue culture, it should be stressed that myogenesis in cultured muscle cells may not mimic.that in intact muscle-primarily because of the heterogeneity of the cell populations in vivo and also because of hormonal and other physiological factors in the intact organism. This has been emphasized by a recent report showing that the protein and mRNA patterns in cultured cardiocytes differ from those of embryonic heart (13) .
Because the observed developmental changes in the mRNA The concentration of RNA used in the hybridization reaction varied from 100 ug/ml to 2 mg/ml. The curves have been adjusted on the x axis to account for the fact that 2.28% of myoblast RNA and 2.46% of the myotube RNA were polyadenylylated. content of the two cytoplasmic fractions were not strictly reciprocal, our results suggest that the bulk of the muscle-specific mRNAs do not remain dormant in a large untranslated pool in the form of free mRNP particles. Therefore, it is concluded that myogenesis in ovo is primarily regulated by transcriptional control. The possibility of some translational control involving certain individual muscle-specific mRNAs as an additional subtle regulatory mechanism during myogenesis has been suggested in the literature and is not excluded by our data. Thus, it has been proposed (7, 8) that myosin heavy chain mRNA is transcribed and stored as a translationally repressed mRNP prior to fusion, at which time it is transferred to the polysomes. Other workers (11, 12) (34) has shown that the mRNA for myosin light chain LC3 is present in 18-and 19-day chicken embryonic muscle in considerable amounts, whereas the LC3 protein is barely detectable at this stage of development, suggesting a major role for translational control involving LC3 mRNA. If the level of some of the myofibrillar proteins is regulated by a combination of both transcriptional and translational controls, the situation is reminiscent of that observed during the transition from a pluripotent mouse embryonic carcinoma cell line to a committed mouse teratocarcinoma myoblast cell and finally to the fused myotube (30) . The levels of both polysomal mRNAs and nuclear RNAs containing mRNA sequences during these transitions have been shown to be con- Hybridization of cDNA enriched for abundant-class muscle-specific sequences to cytoplasmic nonpolysomal mRNP RNA from chicken embryonic skeletal muscle. *, Nine-day; A, 14-day; *, 18-day cytoplasmic mRNP RNA. The concentration of RNA used in the hybridization reaction varied from 200 plg/ml to 3 mg/ml. The curves have been adjusted on the x axis to account for the fact that 3.34% of the 9-day RNA, 2.18% of the 14-day RNA, and 0.89% of the 18-day RNA were polyadenylylated. University.
